The Ras pathway is critical for transducing extracellular signals to the nucleus and plays an essential role in a wide variety of biological processes. It has long been appreciated that the duration, amplitude, and subcellular localization of Ras activity must be tightly regulated to ensure physiologically appropriate responses (Marshall 1995) . As such, cells use a slew of specialized negative feedback inhibitory proteins to control the intensity and duration of signaling triggered by exogenous stimuli (Kim and Bar-Sagi 2004; Chandarlapaty 2012) . One family of negative regulators are the Sprouty and related Spred (Sprouty-related protein with an EVH [Ena/Vasp homology] domain) proteins, which have been shown to appropriately terminate Ras signaling following receptor tyrosine kinase (RTK) activation in vertebrates and invertebrates (Kim and Bar-Sagi 2004) . However, over the years, it has become clear that these proteins function at several distinct levels within the Ras pathway. Moreover, the mechanisms by which these proteins function may be very context-specific, impinging on different components of the Ras/ERK pathway in response to different growth factors and in different tissues. The complex and, in some instances, redundant mechanisms by which this protein family functions highlight the exquisite control that negative feedback pathways exert on intracellular signaling pathways and further suggest that this complexity has been biologically mandated.
The history of Sprouty and Spred proteins
Sprouty and Spred proteins share a conserved cysteine-rich C-terminal domain that has been dubbed the Sprouty (SPR) domain; beyond that, their domain architectures are distinct (Fig. 1) . The first Sprouty gene was identified as a negative regulator of tracheal branching and FGF signaling in Drosophila melanogaster (Hacohen et al. 1998 ). There are four mouse and human SPRY family members (SPRY1-4) (Kim and Bar-Sagi 2004) . In addition to the SPR domain, Sprouty proteins also share a region that contains a conserved tyrosine residue that has been shown to mediate interactions with Src homology-2 (SH2) domains (Fig. 1 ). Sprouty proteins have been shown to attenuate Ras/ERK signaling in response to several growth factors, including EGF, FGF, VEGF, PDGF, HGF, and SCF, among others (Cabrita and Christofori 2008) . As such, SPRY gene expression is induced by the growth factors they regulate, as would be expected of proteins involved in negative feedback signaling (Kim and Bar-Sagi 2004) . However their precise mechanism of action has been debated considerably.
Epistasis studies in D. melanogaster placed Sprouty upstream of Ras in response to EGF signaling in some tissues and at (or downstream from) Raf in others (Kim and Bar-Sagi 2004) . In mammalian cells, Sprouty proteins have similarly been shown to function by suppressing either Ras or Raf activation, depending on the cell type. Notably, Sprouty proteins have been shown to interact with and sequester GRB2 (through the conserved phosphotyrosine) (Hanafusa et al. 2002) and bind and attenuate Raf activation (through the SPR domain) (Sasaki et al. 2003) , and D. melanogaster Sprouty has been shown to bind and recruit Gap1, a Ras GTPase-activating protein (GAP) (Casci et al. 1999 (Kim and Bar-Sagi 2004) . The SPR domain has also been reported to regulate dimerization (Cabrita and Christofori 2008) .
The Sprouty-related Spred proteins possess a SPR domain but do not possess the conserved tyrosine residue present in Sproutys and therefore do not bind to GRB2 (Bundschu et al. 2007 ). However, in addition to the SPRY domain, Spred proteins also possess an N-terminal EVH1 domain and a central c-Kit-binding domain (KBD), hence the name Spred (Sprouty-related protein with an EVH domain). Spred1 and Spred2 were identified in a yeast two-hybrid screen designed to identify proteins that interact with the c-Kit kinase (Wakioka et al. 2001) . The only other Spred, Spred3, exhibits similarity to Spred1 and Spred2 but does not possess a functional KBD. Like Sprouty proteins, Spred proteins inhibit ERK signaling in response to a number of growth factors, cytokines, and chemokines (Bundschu et al. 2007 ). Spred proteins have also been shown to interact in a complex with Ras (Wakioka et al. 2001) ; however, the precise function of Spred proteins has remained even more elusive than that of the Sproutys.
Mutations in SPRED1 underlie a syndrome that is related to neurofibromatosis 1 (NF1)
An interesting clue to Spred function was revealed in 2007, when mutations in the SPRED1 gene were identified in a subset of patients that were affected by what was thought to be a mild form of NF1 . NF1 is genetic disorder affecting one in 3500 individuals worldwide (Riccardi 1992) . The disease features the dominant predisposition to a variety of clinical features, including multiple café -au-lait spots, axillary freckling, macrocephaly, learning disorders, and bone defects, as well as numerous benign and malignant nervous system tumors. Loss-of-function mutations in NF1 have also been detected in other sporadic cancers, including glioblastoma, neuroblastoma, and lung cancer (The Cancer Genome Atlas Research Network 2008; Parsons et al. 2008; McGillicuddy et al. 2009; Holzel et al. 2010 ). In the study published by Legius and colleagues ), a variety of SPRED1 mutations were found in a subset of patients that exhibited café -au-lait spots, axillary freckling, macrocephaly, and, in some instances, Noonan-like dysmorphic features; however, these patients did not develop tumors. The investigators further confirmed that these mutations resulted in a loss of function and that the cognate proteins were defective in their ability to suppress ERK signaling. Notably, this was the first report describing mutations in the SPRY/SPRED gene family in human disease. Patients that exhibit these symptoms are now routinely screened for SPRED1 mutations, and this disorder has been dubbed ''Legius syndrome'' (Spurlock et al. 2009 ).
A mechanistic connection to the NF1 tumor suppressor protein While the Spred proteins had been shown to be negative regulators of ERK signaling, and the overlapping phenotype with NF1 had been reported, the molecular mechanism by which Spred proteins function was still not known. In the July 1, 2012, issue of Genes & Development, Stowe et al. (2012) have now uncovered an interesting direct mechanistic connection between Spred1 and the NF1-encoded protein neurofibromin.
Neurofibromin is a RasGAP that negatively regulates Ras by catalyzing the hydrolysis of Ras-GTP to GDP (Bollag and McCormick 1992) . Many studies have concluded that the pathogenesis conferred by NF1 mutations is primarily due to hyperactive Ras (Cichowski and Jacks 2001) . However, the contexts in which neurofibromin normally dampens Ras activity are still not entirely clear. A variety of growth factors have been shown to promote the proteasomal degradation of neurofibromin, and its degradation and subsequent re-expression are required for both the appropriate activation and termination of Ras signaling, respectively (Cichowski et al. 2003) . However it should be noted that not all growth factors trigger neurofibromin degradation, and in some cell types, degradation is suppressed. Moreover, neurofibromin contains a small RasGAP domain (the GAP-related domain [GRD] ) embedded within an otherwise very large protein.
It is currently unclear how other regions of neurofibromin may couple it to specific growth factor receptors and/or regulate its function in specific subcellular locations. Stowe et al. (2012) initially set out to understand how Spred1 negatively regulates Ras signaling. To do this, they first evaluated its effects on Ras-GTP levels directly and found that exogenous Spred1 can suppress EGF-induced Ras activation, supporting the notion, which had been debated, that Spred1 functions upstream of Ras, at least in this setting (Bundschu et al. 2007 ). Conversely, knockdown of Spred1 resulted in an increase in Ras-GTP levels upon EGF stimulation. The investigators then carried out a careful series of structure-function studies using patientderived missense SPRED1 mutations. They found that mutations impacting the C-terminal SPR domain impaired the localization of Spred1 to the membrane, as might be expected from previous work (King et al. 2005) . Interestingly, however, they found that the N-terminal mutations affecting the EVH1 domain still impaired the ability of Spred1 to dampen Ras-GTP levels. Artificial membrane targeting of C-terminal mutants rescued the function of SPR domain mutants, which was reversed by introducing EVH1 domain mutations. These results suggested that the EVH1 domain might mediate a protein-protein interaction that is critical for its suppressive effects on Ras.
With this hypothesis in mind, the investigators turned to an unbiased approach to identify such interacting partners. Using tandem affinity purification and mass spectrometry to identify proteins that specifically interact with a membrane-localized version of the Spred1 EVH1 domain (EVH1-CAAX), they identified neurofibromin.
By expressing ectopic Spred proteins, the investigators showed that neurofibromin coimmunoprecipitated with Spred1, Spred2, or Spred3 in a manner that was dependent on the N-terminal EVH1 domain. They were also able to capture the interaction between endogenous Spred1 and neurofibromin in mouse brain tissue. Moreover, they found that neurofibromin expression was necessary for Spred1-mediated inhibition of Ras-GTP and ERK levels in HEK-293 cells and mouse embryonic fibroblasts. Using both immunofluorescent localization and biochemical fractionation methods, they then showed that Spred1 actively recruits neurofibromin to the membrane. Again, patient mutations in the EVH domain of Spred1 disrupted its ability to relocalize neurofibromin. Interestingly, the Spred1/neurofibromin interaction may represent a paradigm that is reminiscent of the Sprouty/Gap1 interaction in flies (Casci et al. 1999) . A model of the proposed function of Spred1 and neurofibromin are shown in Figure 2 .
This study not only reveals important mechanistic insight into Spred function, but also identifies a novel connection between Spred and neurofibromin, providing a satisfying explanation for the subset of overlapping phenotypes between NF1 and Legius syndrome patients. It also raises many interesting questions that can be explored in the years to come.
Future questions
While the EVH1 domain of Spred1 has been shown to mediate the interaction with neurofibromin, it will be interesting to identify the region of neurofibromin that interacts with Spred1, as the function of regions outside of the GRD is largely unknown. Interestingly, mutations in exon 17 of the NF1 gene have been reported in families that exhibit a subset of clinical features that are similar to Legius syndrome, raising the intriguing possibility that there may be a domain in this region of neurofibromin that mediates the Spred1 interaction (Upadhyaya et al. 2007 ). Moreover, in what contexts is Spred1 used to recruit neurofibromin and dampen Ras activity? Do Spred proteins interact with neurofibromin downstream from certain receptors and/or in certain cell types? Neurofibromin does contain a PH-like/Sec14 domain, which has been proposed to regulate its membrane localization (D'Angelo et al. 2006) ; however, Spred proteins may bring neurofibromin to a specific signaling complex.
It will be important to look at the Spred/neurofibromin interaction in melanocytes, which underlie the café -aulait spots and ancillary freckles that are features of NF1 and Legius syndrome. Interestingly, Spred1 and Spred2 were originally identified as c-Kit-interacting proteins (Wakioka et al. 2001) . The role of the KBD in Spred function is not well understood, but it diverges among Spred family members; Spred3 lacks a key residue that is critical for the c-Kit interaction (Bundschu et al. 2007 ). Notably, c-Kit plays a central role in melanocyte biology. Moreover, it is well known that c-Kit and neurofibromin function in a linear pathway in mast cells (Zhang et al. 1998) . Hypomorphic mutations in c-Kit can even be rescued by heterozygous Nf1 mutation in mice (Ingram et al. 2000) . Although not discussed in the study, it is tempting to speculate that Spred1 and/or Spred2 may play a particularly important role in dampening c-Kit-mediated Ras activation through its interaction with neurofibromin. This might explain why the cutaneous and plexiform neurofibromas that commonly develop in NF1 patients are not a feature of Legius syndrome, as the cells of origin of those lesions are precursor Schwann cells that express little or no c-Kit (Zhu et al. 2002) . Interestingly, Brems Cold Spring Harbor Laboratory Press on June 22, 2017 -Published by genesdev.cshlp.org Downloaded from et al. (2007) originally reported that café -au-lait spots show inactivation of the remaining SPRED1 allele, suggesting that a complete loss of function is likely driving this phenotype. A similar loss of NF1 has been observed in café -au-lait spots from NF1 patients (Maertens et al. 2007) .
NF1 was identified >20 years ago. Although a number of interacting proteins have been reported, the significance of these interactions remains unclear (Bollag et al. 1993; Hsueh et al. 2001; De Schepper et al. 2006) . It should be noted that neurofibromin binds the effector domain of Ras in a GTP-dependent manner (Bollag and McCormick 1992) . However once neurofibromin binds Ras, GTP becomes hydrolyzed, presumably resulting in a dissociation from Ras and possibly the membrane. Neurofibromin is also initially destabilized by growth factors via the proteasome. It is likely that these features, in part, make neurofibromin-protein interactions very labile and difficult to detect, as they probably occur within a restricted time window following growth factor activation. Consistent with this possibility, Stowe et al. (2012) were able to capture an interaction between endogenous proteins most convincingly in postnatal brain lysates, where expression of both proteins is enriched and where one can generate very concentrated protein extracts. Moreover, the original interaction between the Spred EVH1-CAAX fragment and neurofibromin was detected in HEK-293 cells, one cell type in which neurofibromin is not degraded by growth factors (K Cichowski, unpubl.) . Therefore the use of this cell type may have been fortuitous, in that neurofibromin may persistently attenuate EGFR signaling in these cells-at least in part by virtue of its constitutive stabilization. The outstanding questions, then, are as follows: How is the Spred/neurofibromin interaction normally regulated? How does this complex function in response to growth factors? Again, do specific receptors couple to this complex, and do different receptors use distinct Spred isoforms? The studies described by Stowe et al. (2012) provide an important launching point for future investigation.
A role for Spred proteins in cancer?
Finally, it is becoming increasingly apparent that neurofibromin plays a broader role in human cancer than once thought. Much less is known about Spred proteins. Reduced Spred1 and Spred2 expression has been proposed to underlie the progression of hepatocellular carcinoma in humans and osteosarcoma in mice (Miyoshi et al. 2004; Yoshida et al. 2006) . Spred has also been shown to suppress tumor development and metastasis in various model systems (Yoshida et al. 2006) . However, at this point, it is unclear how Spred might be lost or suppressed in human cancer. Nevertheless, if it is suppressed or mutated, might it be mediating its effects by compromising neurofibromin function? To this end, it should be noted that while NF1/neurofibromin is frequently mutated or suppressed in specific sporadic tumors, biallelic mutations and/or complete suppression is much less common (McGillicuddy et al. 2009 ). Might the suppression of SPRED or SPROUTY genes enhance the effects of monoallelic mutations in NF1? These and other studies aimed at dissecting the complex mechanisms by which negative feedback pathways function continue to highlight the importance of these pathways in biology and human disease.
